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Abstract 
The U.S. Department of Energy’s (DOE’s) National Risk Assessment Partnership (NRAP) Project is developing reduced-order 
models to evaluate potential impacts on underground sources of drinking water (USDWs) if CO2 or brine leaks from deep CO2 
storage reservoirs. Threshold values, below which there would be no predicted impacts, were determined for portions of two 
aquifer systems. These threshold values were calculated using an interwell approach for determining background groundwater 
concentrations that is an adaptation of methods described in the U.S. Environmental Protection Agency’s Unified Guidance for 
Statistical Analysis of Groundwater Monitoring Data at RCRA Facilities [1].  
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1. Introduction 
The U.S. Department of Energy’s (DOE’s) Office of Fossil Energy established the National Risk Assessment 
Partnership (NRAP) Project, in part, to develop numerical models to evaluate the potential for aquifer impacts if 
carbon dioxide (CO2) or brine leaks from deep subsurface storage reservoirs. Threshold values that reflect a change 
from the current background levels (e.g., low levels) of key constituents in the aquifers are needed to define areas of 
potential impact predicted by the numerical models. 
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We examined various methodologies for determining natural background concentrations and statistical protocols 
for determining threshold values that would indicate a significant change from those background concentrations. We 
evaluated the statistical variability of background groundwater concentrations of cadmium, lead, arsenic, pH, total 
dissolved solids (TDS), and chromium in underground sources of drinking water (USDWs) at two sites, one in the 
Central High Plains Aquifer near Garden City, Kansas, and the other in the Edwards-Trinity Aquifer System, near 
San Antonio, Texas. Using these case studies, we evaluated various statistical approaches and converged on a 
proposed methodology for determining site-specific threshold values that could be used to define the predicted 
extent of groundwater contamination from leaky carbon sequestration storage reservoirs. 
1.1. Background 
NRAP is a multiyear project aimed at developing a defensible, science-based quantitative methodology for 
determining risk profiles at CO2 storage sites. As part of this effort, scientists from Lawrence Berkeley National 
Laboratory, Lawrence Livermore National Laboratory, Los Alamos National Laboratory, Pacific Northwest National 
Laboratory, and the National Energy Technology Laboratory (NETL) are developing numerical reactive transport 
models to evaluate the potential for aquifer impacts if CO2 or brine leaks from deep subsurface storage reservoirs. 
Reduced-order models (ROMs) are being developed as a simplified but very efficient computational approach for 
reproducing predictions from detailed process models over the range of conditions of interest.   
Initially, contaminant plume maps of simulated concentrations assumed application of the U.S. Environmental 
Protection Agency (EPA) National Secondary Drinking Water Regulation Limits. Feedback received from the 
NRAP Stakeholder Group indicated that an alternative approach to using either maximum contaminant level (MCL) 
or secondary drinking water standards as the threshold values to define impact was needed—one that reflects no 
degradation of the groundwater quality. 
Although not specifically required by the EPA (unlike surface water under the Clean Water Act), most States 
have established some form of groundwater antidegradation (or nondegradation) provisions. As a general rule these 
anti-pollution requirements (not cleanup requirements) are designed to prevent degradation of groundwater, by 
prohibiting or limiting discharges that potentially degrade the groundwater; or by requiring maintenance of the 
groundwater quality consistent with current uses. Often these nondegradation limits are set at definite concentrations 
(trigger/threshold levels) or at a percentage of the lowest applicable water-quality standard to be measured at the end 
of a mixing/dilution zone [2]. 
The Resource Conservation and Recovery Act (RCRA) uses groundwater concentrations from wells upgradient 
of a storage, treatment, or disposal (STD) facility to define a local background against which one could compare 
downgradient concentrations to assess potential impacts from the STD facility. We took a similar approach to 
defining threshold values that would represent a statistically significant change over background concentrations. 
This required that we first define the background concentrations and then define a threshold over which there would 
be some statistical certainty that the groundwater would be degraded from its background water quality. 
 
2. Technical approach to defining threshold values 
Our approach was to define threshold values that would represent a statistically significant change over 
background or baseline concentrations. This is similar to approaches used under RCRA and the Groundwater 
Daughter Directive (GWDD) [3] adopted by the European Union (EU).   
Background groundwater concentrations are generally considered to be concentrations that are indicative of 
minimal influence by human (anthropogenic) sources [4]. This is similar to the definition of “Natural Background 
Levels” used by the GWDD. Where both natural (geogenic) and anthropogenic sources have contributed to chemical 
concentrations in the groundwater, the use of the term “baseline concentrations” might be a more appropriate term. 
The EU GWDD uses the term “threshold value” to represent a groundwater quality standard that is based on 
interactions with aquatic and terrestrial ecosystems, interference with legitimate uses or functions of groundwater, 
and hydro-geological characteristics including background levels. Groundwater monitoring results that, at a 
representative monitoring point, exceed the threshold value indicate a risk of failing to achieve good groundwater 
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chemical status [3]. While the GWDD does not provide a formal methodology for establishing natural background 
levels (NBLs) or threshold values (TVs), it does provide guidelines. BRIDGE [5] presents a common 
implementation strategy for the EU, using a tiered methodology based on a choice of different standards depending 
on whether the receptor is a dependent ecosystem or the groundwater itself [6]. In any case, the BRIDGE 
methodology uses background levels as the starting point for the definition of TVs for naturally occurring 
constituents. Excluding samples influenced by human activities, or exceeding 10% ion balance, the value 
corresponding to the 90th or 97.7th percentile (depending on the quality and quantity of available data) of the 
residual data set is considered representative of the NBL, and all values exceeding that level should be ascribed to 
anthropogenic sources [6]. Others [7] have developed TVs relative to both the NBLs and a “not acceptable reference 
value” (e.g., MCL), such that the TVs are higher than the NBLs but lower than the MCLs. 
Developing an approach for establishing TVs that might be indicative of anthropogenic contamination relative to 
background or baseline groundwater concentrations is similar to an approach suggested for determination of whether 
there has been a hazardous constituent release at a RCRA facility. Section 7.5 of the EPA’s Unified Guidance for 
Statistical Analysis of Groundwater Monitoring Data at RCRA Facilities [1], suggests that a reasonable statistic for 
single-sample testing against a fixed groundwater protection standard (GWPS) or TV based on background/baseline 
would be a background/baseline upper tolerance limit with 95% confidence and 95% coverage. The TV determined 
using this approach can be interpreted as being an approximation to the upper 95th percentile of the 
background/baseline distribution. It is designed to be a reasonable maximum on the likely range of 
background/baseline concentrations. The upper tolerance limit can be calculated as follows: 
 
 
 
where TL is the tolerance limit, ݔҧ is the mean, ݏ is the standard deviation, and ߢ(݊,ߛ,1íߙ) is the one-sided tolerance 
factor for a sample size of ݊, coverage coefficient of ߛ, and confidence level of 1íߙǤ 
Based on our review of available approaches, we elected to base our methodology for establishing no-impact TVs 
on the tolerance limit methodologies discussed above. Standard procedures [1] were used to process the 
geochemical data before developing the initial values and thresholds. Outliers were identified using upper 
boundaries equal to the upper quartile (i.e., 75th percentile) of the data plus 1.5 * the interquartile range (IQR), 
where the IQR is the difference between the upper and lower quartiles of the data [8]. The lower boundary was 
identified as the lower quartile (i.e., 25th percentile) minus 1.5 * IQR. Outliers were removed from the data if they 
exceeded the upper bound or were lower than the lower bound. Where variables were strongly skewed, as shown by 
examination of histograms and normal probability plots, logarithmic transforms of the data were used to identify 
outliers and calculate initial values and no-impact thresholds. Where a substantial number of nondetects were 
present in the data, we used the R package “NADA” [9] to calculate statistics that accounted for the presence of 
nondetects in the data, following the methodology published by [10]. 
3. Case studies 
We developed case studies for portions of two aquifer systems to illustrate the approach:  the urban shallow-
unconfined aquifer system of the Edwards-Trinity Aquifer System being used to develop the ROMs for carbonate-
rock aquifers; and the central portion of the High Plains Aquifer (an unconsolidated and semiconsolidated sand and 
gravel aquifer) being used to develop the ROMs for sandstone aquifers. Of particular interest were the constituents 
As, Ba, Cd, Cr, Fe, Mn, Pb, pH, TDS, and selected organic elements (benzene, ethylbenzene, naphthalene, toluene, 
m- & p-xylene, o-xylene, and phenol). The case studies presented below present the results for As and TDS for both 
sites as representative examples. The groundwater data used to define the initial values and thresholds for the case 
studies were taken from the U.S. Geological Survey (USGS) National Water Quality Assessment (NAWQA) [11].  
To expedite the development of TVs needed to support completion of the second-generation (GenII) ROMs, the 
team decided to start with the groundwater quality data sets used by Bacon [12] and Bianchi et al. [13]. Bacon [12] 
used data for the San Antonio Segment of the Edwards Aquifer, taken from appendices in Musgrove et al. [14] that 
included NAWQA data collected from 1996 through 2006. Bianchi et al. [13] used data for the High Plains Aquifer 
collected in 1999 and 2010 and downloaded directly from the NAWQA data warehouse website [15]. 
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3.1. Shallow/urban unconfined portion of the San Antonio segment of the Edwards Aquifer, Texas  
The San Antonio Segment of the Edward Aquifer in central Texas is a productive karst aquifer developed in 
Cretaceous-age limestone and dolomite rocks that are extensively faulted and fractured [14]. The San Antonio 
segment of the Edwards Aquifer lies in a narrow band along the Balcones fault zone [14]. Recharge to the Edward 
Aquifer occurs primarily (60í90%) from losing streams, with the remaining recharge from direct infiltration and 
leakage from the underlying Trinity Aquifer. 
The San Antonio region is prone to climatic and hydrologic extremes with high short-term rainfall and rapid 
runoff events, and droughts lasting from many months to years [14]. Like other karst aquifers, the Edwards Aquifer 
responds rapidly to changes in hydrologic conditions, with accompanying changes in water levels, spring discharge 
rates, and water quality [14]. Musgrove et al. [14] also reported that there are a number of volcanic and intrusive 
igneous rocks that locally cross-cut the aquifer and may affect groundwater chemistry. The NAWQA Program 
provides an extensive data set of groundwater geochemistry and water quality for the San Antonio segment of the 
Edward Aquifer. These data come from both wells and springs, including wells completed in the shallow, 
unconfined, and urbanized part of the aquifer near San Antonio. Musgrove et al. [14] found that the shallow/urban 
unconfined part of the Edwards Aquifer is the portion of the aquifer most affected by anthropogenic contaminants, 
as demonstrated by routine or frequent detection of organic contaminants such as pesticides atrazine, its degradate 
deethylatrazine, and simazine; the drinking-water disinfection byproduct chloroform; and the solvent 
tetrachloroethene. 
3.1.1. Selection of groundwater quality data 
 
The distribution of wells for the shallow, urban unconfined aquifer (Fig. 1) approximates the spatial domain used 
in the ROM. Note that all data used in the analyses are within about 28 km (17 mi) of each other. In selecting data to 
use for the threshold analyses, we examined the data for outliers using Tukey’s criteria [8]. In most cases the 
examination of outliers was performed for a logarithmic transform of the data to reduce the asymmetry of the data 
distributions [1].   
Fig. 1. Location of shallow/urban unconfined wells for the Edwards Aquifer (taken from Musgrove et al. [14]). 
 G.V. Last et al. /  Energy Procedia  63 ( 2014 )  3589 – 3597 3593
For the As concentrations, three outliers were identified using logarithmically transformed concentration data. 
Fig. 2a shows contours of the As concentrations based on the concentrations for all 30 observations from 2006. The 
27 observations that were used in the threshold determination are circled in Fig. 2a, which shows three outliers 
exceeding the upper outlier criterion of 0.45 μg/L. Examination of log-transformed TDS data identified one low 
outlier, below the lower outlier criterion of 256 mg/L. The distribution of the 29 circled data used in setting the 
threshold is shown in Fig. 2b. 
 
Fig. 2. Maps showing data distribution and contours of a) As, and b) TDS for the Edwards Aquifer case study.  Circled wells are those used in 
calculating the no-impact thresholds. 
3.1.2. Determination of initial conditions and threshold values 
 
The ROMs used single values to initialize a model run, which assumes that the data distributions are somewhat 
stationary. Examination of Fig. 2 suggests that assumption may not be supported, so future work may look at the 
a) 
b) 
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influence of spatially variable initial distributions on the variability of the resulting ROM. We used the medians of 
the selected data for each variable as initial values for the ROMs (Table 1), because they were less influenced by the 
skewed nature of the distributions.   
The no-impact TV for the 27 values in the selected As data set was 0.46 μg/L, which is more than an order of 
magnitude less than the regulatory value for As (Table 1). For TDS, on the other hand, the TV calculated from the 
29 selected data was 90% of the regulatory limit. 
 
Table 1.  Initial values and no-impact thresholds for Edwards Aquifer case study. 
Constituent Initial Value(a) No-Impact Threshold(a) Regulatory Limit Units 
Arsenic 0.30  0.46 10 μg/L 
Total Dissolved Solids 340 450 500 mg/L 
(a) Rounded to two significant digits 
3.2. Central High Plains Aquifer 
The High Plains Aquifer consists of near-surface sedimentary deposits of Tertiary and Quaternary age that are 
interconnected to form a regional unconfined aquifer system [16]. Tertiary sediments of the Ogallala Formation 
form a large part of the High Plains Aquifer. These sediments were deposited by aggrading streams that deposited a 
heterogeneous sequence of clay, silt, sand, and gravel filling buried valleys eroded into pre-Ogallala rocks. Locally 
cemented zones consisting of calcium carbonate (caliche), and sometimes silica, occur near the top of the formation, 
forming escarpments that mark the boundary of the aquifer system in the Central High Plains [16]. Bedrock units of 
Permian to Tertiary age underlie the High Plains Aquifer. These less permeable bedrock sediments locally act as a 
source of groundwater; in some cases, large concentrations of dissolved solids, particularly in the Permian age 
sediments, could affect the quality of water in the High Plains Aquifer [16].  
Recharge to the High Plains Aquifer occurs by infiltration of irrigation water, areally diffuse infiltration from 
precipitation, focused infiltration of storm- and irrigation-water runoff, and upward movement of water from 
underlying aquifers [16]. Discharge from the High Plains Aquifer generally occurs via irrigation well pumping, 
discharge to streams and underlying aquifers, groundwater flow across the eastern boundary of the aquifer, and 
evapotranspiration [16]. 
The NAWQA Program provides an extensive data set of groundwater geochemistry and water quality for the 
High Plains Aquifer. The major-aquifer study data set comes from sampling networks of randomly distributed 
domestic wells in the major hydrogeologic units [16]. Water samples were analyzed for various combinations of 
field properties, major ions, nutrients, trace elements, pesticides, volatile organic compounds, stable and radioactive 
isotopes, and dissolved gases. McMahon et al. [16] found that irrigated cropland was a direct or indirect source of 
salts, nitrate, and pesticides to the High Plains Aquifer, and that urban land was also a source of those constituents, 
as well as volatile organic compounds. 
3.2.1. Selection of groundwater quality data 
 
The Central High Plains Aquifer data set covers a large spatial area—several hundred kilometers in extent 
covering portions of several states; most of the data are a distance of tens of kilometers or more from the model 
location (Fig. 3). This is much different than the situation for the Edwards Aquifer data set.   
In examining the distribution of the As data for the High Plains Aquifer (Fig. 4a), a band of wells with relatively 
low values was identified in the center of the map, in the general area of the model location. The As data selected for 
the study consisted of the 10 values highlighted by circles on the map.   
For the TDS data, although there was an overall trend observed in the data (Fig. 4b), no clear reason was found to 
restrict the data to a particular area near the model location, so the full data set of 30 data points were initially 
examined. A single outlier was identified using a logarithmic transform of the data that exceeded the upper criterion 
of 710 mg/L. 
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3.2.2. Determination of threshold values and initial conditions 
 
The concentration level identified for the initial value for As for the ROM was the median value of 1.7 μg/L 
(Table 2). The no-impact threshold limit for As was 9.2 μg/L, about 90% of the regulatory limit. 
 
 
Fig. 3. Locations of major-aquifer study wells for the 2010 NAWQA data set (after McMahon et al. [16]). 
The median value of the TDS data of 330 mg/L used as the initial value for the Central High Plains Aquifer ROM 
(Table 2) was slightly less than the value found for the Edwards Aquifer (340 mg/L) case study. However, the much 
higher variability in the regional data set for the Central High Plains Aquifer led to a higher no-impact threshold of 
800 mg/L. This would exceed the regulatory limit of 500 mg/L. 
Table 2.  Initial values and no-impact thresholds for Central High Plains Aquifer case study. 
Constituent Initial Value(a) No-Impact Threshold(a) Regulatory Limit Units 
Arsenic 1.7  9.2 10 μg/L 
Total Dissolved Solids 330 800 500 mg/L 
(a) Rounded to two significant digits 
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Fig. 4. Maps showing data distribution and contours of a) As, and b) TDS for the Central High Plains Aquifer case study. Circled wells are those 
used in calculating the no-impact thresholds. The black square represents the location of the ROM. 
4. Discussion and Conclusions 
The use of an upper or lower tolerance limit with 95% confidence and 95% coverage for identifying a no-impact 
threshold for identifying significant changes to groundwater aquifers predicted by pre-injection modeling of 
proposed CO2 sequestration appears to hold significant promise. The approach may provide important advantages 
for screening proposed sequestration sites. Once monitoring wells have been drilled and tested and injection 
commences, intrawell approaches, similar to those established for RCRA sites [1], may be more appropriate for 
identifying significant impact on aquifer chemistry. 
Use of the tolerance limit approach in the two case studies discussed here identified several issues that will need 
to be addressed in use of the approach. One is the possibility that no-impact thresholds may actually exceed the 
regulatory limit, as it did for TDS for the High Plains case study. In this case, a no-impact threshold may still be 
valuable in allowing one to determine whether additional impact is likely to occur because of a proposed 
sequestration activity. A major issue with the approach is the availability of data sufficient to provide reliable 
statistical results.  For example, the Central High Plains Aquifer case study illustrates one where nearby data were 
not available, so data from a much larger geographic area were used. 
An important policy question is whether a no-impact threshold is always appropriate in evaluating a proposed 
CO2 sequestration site. If the groundwater chemistry in an overlying aquifer is much lower than the regulatory 
threshold, as it was for As in the Edwards Aquifer case study, then a case might be made that some impact on the 
aquifer could be permitted, if the modeled levels remain well below the regulatory limits. In such a case, a health- or 
risk-based approach to developing TVs [17] for the expected impact on an aquifer could be examined. 
a) b) 
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